We studied three possible genotypes at 10 well-defined blood pressure (BP) QTLs using congenic rat lines. The central question was whether the hypertensive or normotensive allele is dominant, or whether there is partial dominance. The congenic strains were employed to investigate the BP effects of alleles originating from normotensive rats in the background of hypertensive Dahl salt-sensitive (DSS) rats. The normotensive alleles at eight QTLs were fully dominant over DSS alleles, which we tentatively interpreted as indicating that DSS rats incurred a loss of function at these loci and that the QTLs produced BP-reducing agents. In contrast, the normotensive allele of only one QTL was recessive over its DSS counterpart, implying a gain of function at this QTL or a null allele involved in generating a BP-elevating agent. Only one locus, C17QTL, had alleles exhibiting partial dominance. These estimates of dominance differ considerably from those obtained by QTL analysis in a F2 cross. This disagreement demonstrates the importance of establishing a cause-effect relationship between a QTL and its phenotypic effect via congenic strains. The dominance relationships suggest pertinent strategies for gene identification and pharmaceutical intervention.
Introduction
It has been suggested that blood pressure (BP) is determined by the cumulative influence of QTLs, which, on average, have minor effects (Abiola et al., 2003; Caulfield et al., 2003; Harrap, 2003; Flint et al., 2005) . This proposal implies that a phenotypic 'threshold' might need to be overcome by amassing multiple QTLs (Falconer and Mackey, 1996) before a BP effect is visible. This model would explain why no single human QTL with major BP effects has been found. But is this outcome actually due to the absence of such major QTLs, or to the difficulty of detecting them in population-based genetic analyses? Among the many factors impacting on QTL detection in human populations, genetic heterogeneity, incomplete penetrance and environmental influences are considered major stumbling blocks (Caulfield et al., 2003; Harrap, 2003) .
As an alternative to human studies, inbred mammalian models can be experimentally manipulated under environmentally controlled conditions and, thus, can be more readily exploited to identify BP QTLs (Deng, 1998; Rapp, 2000; Flint et al., 2005) . Moreover, mammalian models can be utilized to test if QTLs with minor effects might cumulatively determine BP (Caulfield et al., 2003; Harrap, 2003; Flint et al., 2005) or if some QTLs simply exhibit 'major' BP effects. One of these models is Dahl salt-sensitive (DSS) rats (Dahl et al., 1962) . We previously (Garrett et al., 1998) analyzed a single F 2 population derived from crosses of DSS with normotensive Lewis (LEW) rats and localized multiple QTLs, each of which accounted for 4.8-17.8% of total variance in the population. These results suggested that certain QTLs might have minor (e.g. 4.8%) BP effects, while others might manifest major (e.g. 17.8%) BP effects.
There are, however, major limitations to QTL mapping in mammals when based on linkage in a F 2 population. First, QTLs are usually localized to segments of 20 cM or longer, even when a large number of animals are used and the QTLs exert major effects (Darvasi et al., 1993) . Consequently, F 2 linkage analysis cannot reveal how many QTLs are present within such a 20-cM intervals: it is incapable of separating closely linked QTLs. For example, our previous work revealed the presence of a QTL in a 46-cM region on rat Chr 10 (Deng and Rapp, 1995; Garrett et al., 1998) , whereas, in fact, there are four QTLs in this segment. Three of them are clustered within a section of less than 15 cM (Palijan et al., 2003b; Charron et al., 2005a) . Second, false negatives or false positives can appear. A false negative can be exemplified by the localization of C2QTL1. Linkage analyses detected no QTLs near the gene encoding neutral endopeptidase (Mme) (Deng et al., 1994b ), yet it actually marked the location of C2QTL1 . The gene encoding the inducible form of nitric oxide synthase (Nos2) is an example of a false positive. Nos2 was initially identified as marking a probable BP QTL location (Deng and Rapp, 1995) , but was subsequently excluded (Palijan et al., 2003b) .
To overcome the limitations imposed by linkage in QTL definition, congenic strains (Snell, 1948) have been utilized. The distinct value of rat congenic strains is firstly (Deng, 1998 ) the negligible genetic differences among individuals: they are more than 99.9% identical. Second, the small genetic differences that do exist between two congenic strains are well known, precisely defined and uniform. Thus, any observable phenotypic differences can be attributed directly to genetic differences. Two novel functional aspects of BP QTLs have become apparent from the analyses of congenic strains. First, each of them accounts for at least 33 mm Hg/ 88 mm Hg ¼ 38% of the total BP difference between DSS and LEW parental strains, as measured directly by telemetry (Moujahidine et al., 2004; Dutil et al., 2005; Grondin et al., 2005; Charron et al., 2005a) , exhibiting the status of a major QTL. Second, each QTL appears have an individual influence on BP: no combination seems to be necessary for any one of them to affect BP, despite QTLQTL epistatic interactions (Deng and Rapp, 1992; Rapp et al., 1998; Palijan et al., 2003a; Charron et al., 2005a, b; Dutil et al., 2005) .
Similar results have been obtained with QTLs trapped in congenic strains constructed by replacing DSS alleles with homologous alleles from Milan normotensive (MNS) rats . No previous studies have addressed the domiance of the QTL alleles. In our analyses, we studied the three possible genotypes at 10 well-defined BP QTLs, namely, homozygous for normotensive alleles, heterozygous, and homozygous for hypertensive alleles. The congenic strains chosen were those that carry the smallest number of genes in a QTL interval, thereby minimizing the probability that it contains an additional QTL. The results represent the first such analyses to investigate individual BP QTLs in well-defined and homogeneous genetic backgrounds, that is using congenic strains. Their initial detection by linkage analysis is summarized in Table 1 . The central question that we addressed is: which allele of a QTL, that is, hypertensive or normotensive, is dominant, recessive or partially dominant? Classifying QTLs in this fashion may provide insights into their genetic bases and, consequently, facilitate research prioritization and the establishment of an appropriate strategy in gene discovery for each QTL.
Materials and methods

Animals
Protocols for handling and maintaining the animals were approved by our institutional animal protection committee. All experimental procedures were in accordance with institutional, provincial and federal regulations. DSS, LEW and MNS rats have previously been described (Palijan et al., 2003a, b; Ariyarajah et al., 2004; Moujahidine et al., 2004; Charron et al., 2005a, b; Dutil et al., 2005; Eliopoulos et al., 2005; Grondin et al., 2005) . Nine congenic strains had trapped BP QTLs and were largely based on those isolated previously (Palijan et al., 2003b; Ariyarajah et al., 2004; Moujahidine et al., 2004; Charron et al., 2005a; Dutil et al., 2005; Grondin et al., 2005) .
Congenic construction to define a QTL on DSS Chr 1 An additional congenic strain was produced by substituting a DSS chromosome segment of interest with a homologous section from LEW. The breeding procedure and screening protocol were essentially the same as those reported previously (Palijan et al., 2003a, b; Ariyarajah et al., 2004; Charron et al., 2005b; Eliopoulos et al., 2005; Grondin et al., 2005) . This new congenic strain for Chr 1 was designated as DSS.LEW-(D1Rat268-D1Chm2)/Lt (abbreviated as C1S.L1).
Generation of heterozygotes
A male of a congenic strain known to harbor a BP QTL was mated with a female DSS rat to produce F1 progeny. As all the QTLs to be studied were located on autosomes, a reciprocal cross was also performed, with a female of the same congenic strain mating with a DSS male. In so doing, the effect of X or Y chromosomes on the BP of a congenic strain could be excluded. BPs were measured in male heterozygous rats of F 1 progeny from both reciprocal crosses along with the DSS and the congenic strain in question. The distribution of homozygote 1, heterozygote and homozygote 2 for each QTL followed an 1:2:1 Mendelian ratio in F2s (data not shown).
BP measurements BP studies of the congenic strains were essentially made in the same way as previous studies (Palijan et al., 2003a, b; Ariyarajah et al., 2004; Charron et al., 2005b; Eliopoulos et al., 2005; Grondin et al., 2005) . In brief, male Garrett et al. (1998) Abbreviations: Chr, chromosome; DSS, Dahl salt-sensitive strain; LEW, Lewis strain; MNS, Milan normotensive strain. Norm strain refers to the contrasting normotensive rat strain involved in localizing the QTL. Max LOD represents the maximum logarithm of odds favoring linkage to BP. 72 LOD interval indicates the most likely chromosome span containing the QTL of interest. + refers to BP differences between SS homozygous and homozygous normotensive alleles.
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C Duong et al rats were weaned at 21 days of age, maintained on a lowsalt diet (0.2% NaCl, Harlan Teklad 7034) and then fed a high-salt diet (2% NaCl, Harlan Teklad 94217), starting from 35 days of age until the end of the experiment. Telemetry probes were implanted when the rats were 56 days old (i.e. after 3 weeks on the high-salt diet) with their body weights between 250 and 320 g. BPs for all strains were measured at least at two different times to exclude seasonal and environmental influences. Thus, the BP data were pooled from separately reproducible measurements for each strain. All BP components such as systolic (SAPs), diastolic (DAPs) and mean arterial pressures (MAPs) were measured, but for the sake of easy comparisons, only MAPs are reported. DAPs and SAPs were consistent with MAPs of each strain (data not shown). As they were not significantly different, BP data from reciprocal crosses were pooled (results not presented) for all heterozygotes of the same strain.
Statistical analyses
Repeated measures' analysis of variance (ANOVA), followed by the Tukey test (Palijan et al., 2003a, b; Ariyarajah et al., 2004; Charron et al., 2005b; Eliopoulos et al., 2005; Grondin et al., 2005) , were used to compare the differences between homozygote 1, that is DSS in Figure 1 and homozygote 2 (either LL or MM), homozygote 1 and heterozygotes, and homozygote 2 and heterozygotes for each congenic strain harboring a QTL.
Results
QTL locations, congenic strains and their BPs in both homozygotes and heterozygotes are presented side-byside in Figure 1 for 10 QTLs. Assuming that 1 QTL is present in each congenic interval, alleles of C1QTL, C16QTL, C10QTL1, C10QTL2, C10QTL3 and C10QTL4 from LEW acted in a dominant mode (Figure 1a, b, ). Alleles of C2QTL1 and C2QTL2 from MNS were also dominant (Figure 1h and i). DSS alleles for these QTLs acted recessively. These data demonstrate that one copy of the MNS or LEW allele for each of these QTLs was sufficient to lower BP as much as two copies. A notable exception is that the MNS allele of C2QTL3 was recessive to its DSS counterpart (Figure 1j ), indicating that two copies of MNS alleles were required to lower BP. As the three QTLs on Chr 2 were closely linked , it was essential to separate them by fine congenic mapping. Otherwise, the differing modes of action, that is dominance of C2QTL1 and C2QTL2 and recessivity of C2QTL3 for MNS alleles, would not have been distinguishable. In contrast, LEW alleles of C17QTL showed a dosage effect, that is BP of the heterozygotes (SL) fell in between those of homozygotes DSS (SS) and LEW (LL) (Figure 1c ), although the differences between SL and LL were only of borderline significance (Po0.056). Thus, the functionality of C17QTL appears to be partially dominant. Table 2 compares the BP effect for each of the 10 QTLs, and calculates its percentage effect versus the total BP difference between two parental strains.
Discussion
The major findings of this study are that: (a) Alleles at 8 QTLs showed dominance of the normotensive LEW or MNS strain, suggesting that the product for each of these QTL alleles leads to a reduction of BP. The DSS alleles at these QTLs are most readily interpreted as loss of function mutations, whereas the MNS or LEW alleles correspond to functional wild-type alleles. However, it should be borne in mind that there are other interpretations of dominance, including haploinsufficiency. Haploinsufficiency refers to cases where the amount of product produced by heterozygotes is insufficient to fulfill the function of the gene and, consequently, the null allele appears dominant over a normal allele (Wilkie, 1994; Zlotogora, 1997) . Based on the working hypothesis that dominance indicates a loss or gain of function, the future research direction will be to search systematically, in QTL-containing intervals, for mutations that are responsible for a loss or gain of function, including little or no expression of the contrasting strain's product. (b) For C17QTL, the LEW allele appears to be partially dominant. In this case, the identification of C17QTL will focus on the detection of mutations controlling the levels and functions of gene products of genes residing in the C17QTL interval.
Insights gained into the physiological functions of BP QTLs Eight out of 10 QTLs documented in the current study ( Figure 1 ) demonstrated dominance of normotensive alleles, corresponding to BP diminution. DSS QTL alleles are correspondingly recessive, indicating a loss of function or a lack of gene product. Thus, the products of MNS or LEW alleles for these eight QTLs are probably involved in generating, either directly or indirectly, BPdecreasing agents. Consequently, the products of these eight QTLs might impact treatments of hypertension, by pharmacological addition of the BP-decreasing agents specified by the MNS and LEW alleles. In contrast, the DSS allele of C2QTL3 is dominant, correlating with higher BP, whereas its MNS allele is recessive (Figure 1j) . Therefore, the DSS C2QTL3 allele could represent a gain of function or haploinsufficiency. It follows that hypertension in DSS might have resulted, in part, from the existence of the C2QTL3 product of DSS alleles, which could be targeted for inhibition by pharmacological intervention to lower BP. The alleles of C17QTL showed partial dominance. C17QTL likely encodes a BP increasing agent. Among other approaches Suppressing C17QTL expression might be effective in lowering BP.
Molecular bases of genetic dominance: a threshold, or the presence or absence of a functional product Mechanistically, genetic dominance has been interpreted, sufficiently although not completely (Keightley, 1996; Porteous, 2004) , as a kinetic property of metabolic systems (Kacser and Burns, 1981 
Molecular bases of genetically partial-dominance: gene dosage or a hybrid complex
Regarding the C17QTL results (Figure 1c ), it is reasonable to propose that a dosage effect could be the underlying molecular cause of the partial dominance, as has been found in the case of other genes. For example, the Rad18-2 gene is involved in DNA repair and mitotic recombination in yeast (Mayer and Goin, 1984) . Heterozygotes are intermediate in their phenotype. The gene dosage effect is thought to account for this partial dominance (Mayer and Goin, 1984) . Another possibility is that a mutation occurring in the coding region could produce a functionally abnormal product. When combined with the wild-type product, a hybrid complex could be formed and, consequently, show partial dominance. For example, a homeobox gene, HESX1, responsible for a mild form of septo-optic dysplasia, manifests partial dominance in heterozygotes (Thomas et al., 2001) . It is the result of a reduction in DNA-binding activity in the hybrid complex of wildtype and mutant HESX1 products. Another example is the Mg chelatase mutations in barley seedlings (Hansson et al., 1999) . When wild-type and mutant subunits were joined as a heterodimer in heterozygotes, the phenotype showed partial dominance.
Linkage versus congenic results
Of the 10 QTLs analyzed here, only five had previously been detected by linkage studies (Tables 1 and 2 ). The remaining five (Table 2 ) have been resolved only by congenic fine mapping (Charron et al., 2005a; Dutil et al., 2005) . C1QTL, C16QTL, C10QTL and C2QTL showed partial dominance in linkage analyses, that is the BP of the heterozygotes fell between the two homozygotes. Only C17QTL exhibited dominance of the DSS allele. In contrast to the extensive partial dominance suggested linkage analyses, our current results show that eight of the10 QTLs exhibit complete dominance (Figure 1 ). Two QTLs, C2QTL2 and C2QTL3, were previously interpreted as a locus with partial dominance and C2QTL1 was not previously detected (Deng et al., 1994b) . We now infer that the DSS alleles for C2QTL2 and C2QTL3 exert opposite effects on BP, that for C2QTL2 being recessive, and that for C2QTL3 being dominant (Figure 1i and j) . In addition, the C17QTL allele appears to show partial dominance, rather than the complete dominance suggested by linkage studies (Deng et al., 1994a) .
The stark difference between the results of linkage and congenic studies can be explained by an obvious fact. In Figure 1 Comparison of MAPs among homozygotes and heterozygotes of 10 QTLs defined by congenic strains: to the left of (a-j) are chromosome maps and QTL interval definitions. Hatched, dark and open bars symbolize the genomes of DSS, LEW (or MNS) and crossover ambiguity respectively in each congenic strain. The size of the QTL interval in megabases (Mb) is indicated in parentheses after each QTL designation. The rest of the genome in each congenic strain and heterozygote of congenic strain was DSS. To the right of (a-j) are MAP comparisons among three genotypes of a QTL, that is homozygote SS (for DSS), homozygote LL (for LEW) or homozygote MM (for MNS) and heterozygote LS or heterozygote MS, depending on the congenic compositions. (a) Analysis of C1QTL; (b) analysis of C16QTL; (c) analysis of C17QTL; (d) analysis of C10QTL1; (e) analysis of C10QTL2; (f) analysis of C10QTL3; (g) analysis of C10QTL4; (h) analysis of C2QTL1; (i) analysis of C2QTL2; and (j) analysis of C2QTL3. Error bars in BP tracings represent s.e.m. n refers to the number of rats. The BP response patterns such as diurnal variations, among all the congenic strains were not different (data not shown). The BPs of each strain were measured, at least, during two different time periods, and then pooled to produce the final BP data. Only a 24-h average of BP was taken as 1 data point on the graph for each strain. MAP refers to averaged mean arterial pressure during the period of measurement for each strain and heterozygote. ANOVA with the Tukey test (P) compares MAPs between DSS and each of the congenic strains, DSS and a heterozygote of a congenic strain, and a congenic strain and its heterozygote. C1QTL represents the definition of a QTL on Chr 1 based on the newly generated congenic strain C1S.L1; C16QTL, a QTL on Chr 16 (Moujahidine et al., 2004) No analysis was available to ascertain the percentage of total variance accounted for by each QTL. Only a percentage of the BP effect for each QTL was calculated as a ratio over the total BP difference between two parental strains. The percentage of BP differences between DSS and MNS for the three C2QTLs could not be analyzed, because the parental MNS strain was no longer available from its original source, the National Institutes of Health of USA. However, BP of the MNS strain is not expected to be lower than that of LEW under the same experimental conditions (Bianchi et al., 1974) .
Mendelian mode of BP QTL inheritance
an F 2 population, all animals are heterogeneous genetically, whereas in a congenic strain, all of them are homogeneous. Furthermore, linkage results are correlative in nature. They do not show a cause-effect relationship between a QTL and BP effect. In contrast, a congenic strain can be used to evaluate directly the effect of a chromosome fragment on a trait (i.e. BP in this study). Thus, a congenic strain harboring a QTL can be viewed as a 'monogenic' isolate without interference from other factors, such as undefined QTL-QTL interactions and regulatory elements (Charron et al., 2005b) . As such, a congenic strain provides a more reliable test for Mendelian behavior than linkage analyses.
Over-abundance of QTLs needed to determine the polygenic BP trait It should be noted that alleles from the normotensive LEW or MNS strain for all 10 QTLs studied in the current work lowered BP (Figure 1 ). Their cumulative effects exceeded 400 mm Hg (Figure 1 ). This value, however, cannot, and does not, reflect the true BP difference between the two parental strains, DSS and LEW (or MNS), which is around 88 mm Hg (Palijan et al., 2003b; Ariyarajah et al., 2004; Charron et al., 2005a, b; Dutil et al., 2005) . Apparently, the real physiological effects of the 10 QTLs do not combine additively. Epistasis between QTLs certainly plays an important role (Palijan et al., 2003a; Charron et al., 2005a, b; Dutil et al., 2005) and genetic or epigenetic inhibition could be involved (Charron et al., 2005b) .
Use of heterozygotes as a deductive functional test of QTLs
The search for differential gene expression has recently received considerable attention as a means of finding candidate genes for QTLs (Liang et al., 2003; McBride et al., 2003; Moujahidine et al., 2004; Garrett et al., 2005; Hubner et al., 2005; Yagil et al., 2005) . It is easy to understand the tantalizing appeal of such an approach, because it generates gene candidates directly, rapidly and immediately, with apparent performance differentials. Although this approach has met with success in another field (Aitman et al., 1999) , there are examples of false positives in the study of genetic hypertension. The SA gene is a case in point. It was first found to be differentially expressed in the kidneys, a prominent candidate organ for BP regulation, in comparisons between Wistar-Kyoto and spontaneously hypertensive rat strains. More promising was the fact that it was found later to co-segregate with BP in linkage analyses (Iwai et al., 1992; Samani et al., 1993) . However, subsequent physical mapping has ruled it out: the SA gene was contained in congenic intervals, yet the congenic strains failed to show any BP effect (Hubner et al., 1999; St Lezin et al., 2000) . Attempts to identify BP QTLs by gene profiling again proved to be disappointing in experiments based on the comparison of renal gene expression of congenic and DSS strains. In these cases, differentially expressed candidates fell outside the precisely defined QTL intervals in the congenic strains (Moujahidine et al., 2004; Garrett et al., 2005) . Thus, they could not be the QTLs in question. These examples illustrate that such rapid screening approaches for identifying BP QTLs must go hand in hand with genetic verification (Pravenec et al., 2003; Deng, 2005) . The present study suggests that the use of heterozygotes obtained from congenic strains could offer such corroboration.
Prospective molecular characterization of QTLs
Based on the dominance relationships for the nine out of 10 QTLs studied (Figure 1 ), genetic rescue experiments could conceivably be employed to restore the phenotype by transgenically introducing the dominant allele into the background of the recessive allele. In doing so, one could authenticate the function of the gene in question as a BP QTL (Deng, 2005) . Although BP as a whole is a polygenic trait and there is epistasis between the QTLs, we interpret the combined data to mean that its individual genetic determinants consist of functionally integrated 'monogenic' components.
